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doi:10.1016/j.jtcvs.2007.03.030bjectives: No specific prosthetic material is currently recognized as being the most
uitable for right ventricular outflow tract reconstruction for congenital heart de-
ects. Prosthetic valves are subject to wear and stress because they do not create
ortex flow, which helps natural valves to close. We designed a fan-shaped ex-
anded polytetrafluoroethylene valved conduit and patch with bulging sinuses that
reate vortex flow, making them more reliable over the long term.
ethods: Bulging sinuses were formed on a sheet of expanded polytetrafluoroeth-
lene using a specially designed mold. Fan-shaped expanded polytetrafluoroethyl-
ne sheets (0.1 mm thick) were anastomosed to the edge of the bulging sinuses as
alve leaflets, creating monocuspid, bicuspid, or tricuspid valves. These valves were
mplanted in 157 patients undergoing right ventricular outflow tract reconstruction
age 16 days to 45.4 years, median 2.0 years), in 48 patients as a conduit, and in 109
atients as a patch. Valve function was followed up by echocardiography for 5.6 to
3.7 months (mean 20.8 months).
esults: There was no mortality or morbidity, and no patients required reoperation
uring follow-up. No patients had stenosis, and regurgitation was less than mild in
ll patients with conduits and moderate in 15 patients (13.8%) with patches, but
oderate regurgitation did not further develop during follow-up. Valve motion was
ully maintained in all patients.
onclusions: The expanded polytetrafluoroethylene valved conduits and patches
ith bulging sinuses showed excellent early-to-midterm results. The valved con-
uits and patches seem to be promising alternatives to homografts in right ventric-
lar outflow tract reconstruction. Their function will be followed up further.
rosthetic materials are used for right ventricular outflow tract reconstruction
(RVOTR) in cases of congenital heart defects with right ventricular outflow
hypoplasia or atresia and for pulmonary valve replacement in the Ross
rocedure. Reliable valves are required to avoid pulmonary regurgitation and
onsequent right ventricular volume overload. Valved conduits or patches made of
arious materials have been used to date,1 but their long-term availability and
urability are unknown or unsatisfactory.
We previously developed a fan-shaped valve made from a 0.1-mm–thick ex-
anded polytetrafluoroethylene (ePTFE) membrane (Preclude Pericardial Mem-
rane, WL Gore & Associates, Inc, Flagstaff, Ariz) at the Children’s Research
ospital, Kyoto Prefectural University of Medicine in Kyoto, Japan.2,3 The valves
etain sufficient midterm function, but some eventually become stuck in an open
osition.4 At Fukuoka Children’s Hospital in Fukuoka, Japan, we also developed an
PTFE valved conduit that gave excellent early results when implanted during the
oss procedure,5 but the long-term results are as yet unknown. We describe an
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Dmproved design of these protheses that should enhance
heir long-term function. Unlike their predecessors, the new
PTFE valved conduits and patches have bulging sinuses to
enerate vortex flow similar to that created by the sinus of
alsalva, which helps the native semilunar valves to close.
e expect that the vortex flow will help reduce wear and
tress, and thus increase the longitivity of the valves.
aterials and Methods
xpanded Polytetrafluoroethylene Valved Conduit
nd Patch With Bulging Sinuses
ulging sinuses are formed on a sheet of ePTFE using stainless
teel molds with a pedestal and cover (Figure 1). The pedestal has
cavities in its center, 13.5, 15, 17.5, or 20 mm in diameter,
epending on the expected diameter of the right ventricular out-
ow tract. The bottoms of the cavities are interconnected by a
mall canal linked to a vacuum pump (Figure 2). Mold covers
ontaining 1, 2, or 3 holes are used for making monocuspid,
icuspid, or tricuspid valves, respectively. The ePTFE graft is cut
pen to make a patch and then placed on the pedestal. One of the
overs is placed over the patch and screwed down tightly. Air is
umped out of the cavities, causing the ePTFE patch to bulge into
he cavities. The patch is then thermoset by heating at 330°C for
pproximately 15 minutes and cooling for approximately 5 min-
tes using an industrial dryer to retain the shape of the bulges
sinuses) (Figure 2).
Valve leaflets are made by anastomosing fan-shaped valves made
f 0.1-mm–thick ePTFE membrane to the edge of the bulging sinuses
igure 1. The stainless steel mold used to create the new
ransannular patch has a pedestal (top) and 3 covers (bottom)
Abbreviations and Acronyms
ePTFE  expanded polytetrafluoroethylene
RVOTR right ventricular outflow tract
reconstructionontaining 1 to 3 holes. h
28 The Journal of Thoracic and Cardiovascular Surgery ● Augusing ePTFE running sutures (Figure 3). Knots functioning as nod-
les of Arantius are made at the center of the free edge of the
an-shaped valves using ePTFE sutures (Figure 3). It takes 20
inutes to fashion the bulging sinuses and approximately 1 hour to
ut fan-shaped valves from ePTFE sheets and anastomose them,
otaling approximately 1.5 hours to create 1 prosthesis. We make
range of patches, varying in size and number of sinuses. We
terilize them before the operation and at the time of operation
hoose the one with the most appropriate size for the right ven-
ricular outflow tract. Patches with tricuspid or bicuspid valves are
olled up and sutured with ePTFE running sutures to form conduits
Figure 3). During an RVOTR procedure, the conduit or transan-
ular patch is anastomosed between the right ventricle and the
ulmonary artery using continuous ePTFE sutures.
atients
etween February 2001 and December 2005, 157 patients under-
ent RVOTR using these valves with bulging sinuses at the
hildren’s Research Hospital, Kyoto Prefectural University of
edicine in Kyoto, and Fukuoka Children’s Hospital in Fukuoka,
apan. A valved conduit was implanted in 48 of the patients (group
), and a valved patch was used in 109 patients (group P). Their
edian age at the time of operation was 6.9 years (3.0 months to
2.8 years) in group C and 1.5 years (16 days to 45.4 years) in
roup P; 13 patients (27.1%) in group C and 68 patients (62.4%)
igure 2. Procedure for creating bulging sinuses in an ePTFE patch.
, ePTFE patch is sandwiched between the cover and the pedestal
f the stainless steel mold (lateral view). B, Bulges are created in the
PTFE patch by vacuum suction, which pulls the patch into the
avities in the pedestal of the mold. The shape of the ePTFE is set by
eating. ePTFE, Expanded polytetrafluoroethylene.
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Dn group P were aged less than 2 years. Their median (range) body
eight at the time of surgery was 20.0 kg (5.4-69.0 kg) in group
and 9.0 kg (2.9-63.5 kg) in group P. Construction of a continuity
etween the right ventricle and the pulmonary artery was per-
ormed in 29 patients in group C and in 102 patients in group P,
hereas pulmonary replacement was performed in a Ross opera-
ion in 19 patients in group C and in 7 patients in group P. The
iagnostic categories are shown in Table 1. For 12 patients in
roup C and 5 patients in group P, the RVOTR was a reoperation,
nd they received these newly designed protheses as replacements
f the other type of valves.
Conduits with tricuspid valves were implanted in 43 patients,
nd conduits with bicuspid valves were implanted in 5 patients.
igure 4 shows the patients’ body weights and the diameters of the
onduits. We used bicuspid valves for patients weighing less than
0 kg because of the difficulty in making sinuses and tricuspid
alves that were small enough. The relationship between the
iameter of the conduits and the diameter of the sinuses is sum-
arized in Table 2.
Patches with monocuspid, bicuspid, and tricuspid valves were
mplanted in 89, 18, and 2 patients, respectively. The number of
inuses on the patch was decided according to the size of the
utologous tissue used for the posterior wall in RVOTR. In the
oss procedure, it is our new technique to use patches with
icuspid valves and autologous aortic wall with noncoronary
usps.3
ollow-up and Data Collection
o assess the presence of pulmonary regurgitation and to deter-
ine the mean blood pressure gradients across the valves, all
atients periodically underwent transthoracic 2-dimensional, color
ow Doppler echocardiography in the M-mode during follow-up,
hich ranged from 5.6 months to 5.3 years (mean  standard d
The Journal of Thoraciceviation, 20.8  14.3 months). The degree of pulmonary regur-
itation was classified as none, trivial, mild, moderate, or severe,
ccording to features of the jet flow measured by pulsed Doppler
chocardiography. Nineteen patients (39.6%) in group C and 39
Figure 3. ePTFE patch with 3 sinuses
and a tricuspid fan-shaped ePTFE valve.
A, Fan-shaped valves were anasto-
mosed to the edge of the bulging si-
nuses. B, View from inside. Knots func-
tioning as nodules of Arantius were
made using ePTFE sutures (black ar-
row). C, View from outside. D, View
from above.
ABLE 1. Preoperative diagnosis
rocedure Diagnosis
Conduit
(n  48)
Patch
(n  109)
onstraction of
RV-PA continuity
29 102
TOF  PA 10 6
TOF  PS 56
VSD  PA 5 15
DORV  PA 5 2
DORV  PS 3 10
cTGA  PA 2
cTGA  PS 2 1
Truncus arteriosus 3
RVOTO 4
Others 2 5
oss 19 7
AS 12 2
ASR 4 2
AR 2 3
Ross mitral) AVSD 1
V, Right ventricle; PA, pulmonary atresia; PS, pulmonary stenosis; TOF,
etralogy of Fallot; VSD, ventricular septal defect; DORV, double outlet right
entricle; c-TGA, collected transposition of the great arteries; AS, aortic
tenosis; ASR, aortic stenosis with regurgitation; AR, aortic regurgitation;
VOTO, right ventricular outflow tract obstraction; AVSD, atrioventriclar septal
efect.
and Cardiovascular Surgery ● Volume 134, Number 2 329
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Datients (35.8%) in group P underwent postoperative cardiac cath-
terization, and 12 patients in all underwent magnetic resonance
ngiography. No patients required routine anticoagulation or anti-
latelets. Preoperative and postoperative data were collected ret-
ospectively from the patients’ medical records. All data are ex-
ressed as means  standard deviation.
esults
here was no mortality or morbidity. No patients required
eoperation or reintervention. From the most recent echo-
ardiograms, pulmonary regurgitation in group C was non-
xistent in 21 patients (43.8%), trivial in 17 patients
35.4%), mild in 10 patients (20.8%), and moderate or
evere in 0 patients, whereas in group P it was nonexistent
n 14 patients (12.9%), trivial in 12 patients (11.0%), mild in
8 patients (62.3%), moderate in 15 patients (13.8%), and
evere in 0 patients (Table 3). The mean  standard devi-
tion peak pressure gradients between the pulmonary artery
nd the right ventricle were 12.3  8.7 mm Hg (range:
-31.8 mm Hg) in group C and 9.8  11.9 mm Hg (range:
-35 mm Hg) in group P. The gradients were less than 20
m Hg in 38 patients (79.2%) in group C and in 77 patients
70.6%) in group P and less than 40 mm Hg in all patients
Figure 5). Use of echocardiography, cardiac catheteriza-
ion, or magnetic resonance angiography demonstrated that
igure 4. Patients’ body weight and diameter of the conduits. BW,
ody weight.
ABLE 2. Relationship between conduit size and sinus size
onduit size (mm)
n diameter
Number of
sinuses
Sinus size (mm)
in diameter N  48
10 2 13.5 1
12 2 15 3
16 2 17.5 1
3 13.5 7
18 3 15 13
22 3 17.5 12n
24 3 20 11
30 The Journal of Thoracic and Cardiovascular Surgery ● Auguhe ePTFE leaflets were functioning well in all patients
Figure 6). No leaflet was completely fixed in the open
osition, and none had evidence of calcification, thrombus,
r peel formation. At the time of writing, all patients are in
ood clinical condition and none are scheduled for reopera-
ion. One female patient who underwent the Ross delivered
baby 2 years and 8 months after operation.
iscussion
here is currently no satisfactory material for RVOTR
erformed for congenital heart defects and the Ross proce-
ure. Even homografts used as valved conduits, which are
he most commonly used for RVOTR, suffer from long-
erm calcification and failure.1,6-11 A range of materials
ncluding autologous pericardiums, porcine pulmonary
alves,11-14 and bovine jugular veins11,12,15-18 have been
sed, but their long-term availability and durability are
nsatisfactory11,12,15,16,18 or unknown. A good prosthetic
alved conduit or patch that is readily available and has
ong-term reliability is needed. To date, ePTFE valved con-
uits and patches have demonstrated the best results.5,19,20
The ePTFE membranes used to create artificial heart
alves have good biocompatibility, and their microporous
tructure impedes cellular penetration, thereby making it
esistant to calcification that would hinder its mobility. To
ate, no stenotic lesions have been observed at the site of an
PTFE valve.4,21 Fan-shaped ePTFE valves, however, are
rone to becoming stuck open, causing pulmonary regurgi-
ation.4 They become stuck open because the closure mecha-
ism is inadequate, not because of sclerosis or calcification.
The vortex flow in the sinus of Valsalva plays an impor-
ant role in the closure of native semilunar valves.22 Be-
ause of the lack of the sinus of Valsalva, conventional
rosthetic valves, including fan-shaped ePTFE devices,
lose only passively as a result of backflow.23 Therefore, to
romote active closure, we designed the new ePTFE con-
uits and patches with bulging sinuses that provide good
ortex flow. In addition, the fan-shaped valve has ePTFE
nots functioning as the nodules of Arantius on its central
dge.
The ePTFE patches are strong in all directions because of
heir matrix structure. Our method of creating bulging si-
ABLE 3. Pulmonary regurgitation in the most recent echo-
ardiograms
egree Conduit n  48 (%) Patch n  109 (%)
evere 0 0
oderate 0 15 (13.8)
ild 10 (20.8) 68 (62.3)
rivial 17 (35.4) 12 (11.0)
one 21 (43.8) 14 (12.9)uses in an ePTFE membrane elongates this structure 3
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Dimensionally. The shape of the sinuses can be thermoset
ithout compromising the strength of the ePTFE.
In our series, the pressure gradients between the right
entricle and the pulmonary artery were high (30 mm Hg)
n 2 patients (4.2%) in group C and in 7 patients (6.4%) in
roup P. These pressure gradients, however, occurred be-
ween the right ventricle and the pulmonary arteries, not at
he level of the pulmonary valves. We believe that the
ressure gradients are overestimated in cases in which a
atch is used because the turbulence appears just below the
alves and might artificially augment the pressure gradients.
n the conduits, the pressure gradient occurred at the level of
igure 6. Postoperative pulmonary angiograph of 13.3-year-old,
.8 years after Ross–Konno operation. The pulmonary regurgita-
ion was nonexistent, and the peak pressure gradient between
he right ventricle and the pulmonary artery was 10 mm Hg.
an-shaped valves made of 0.1-mm–thick ePTFE membraneRwhite arrow). Bulging sinus (black arrow).
The Journal of Thoracicistal anastomosis. In follow-up evaluations, high pressure
radients did not develop further, and we doubt that this
ould be a significant problem in the future. The level of
ulmonary regurgitation is also important,24,25 and in our
eries all patients had less than mild regurgitation, which
as satisfactory. In group P, 65 patients had mild regurgi-
ation and 18 patients had moderate regurgitation. This
ight reflect the quality of the native valve used to construct
he posterior wall of the right ventricle outflow tract.
One of the most problematic subgroups of patients, and
erhaps the patients who might benefit the most from a
ombinant pulmonary valve, are those with elevated pul-
onary artery pressure and resistance. With regard to pa-
ients with pulmonary atresia, 22 of 48 patients with conduit
ad cardiac catheterization, and 3 patients demonstrated a
ystolic pulmonary pressure greater than 40 mm Hg. These
patients had major aortopulmonary collateral arteries.
ine of 23 patients with patch insertion had cardiac cathe-
erization, with 3 of them demonstrating greater than 40
m Hg systolic pulmonary pressure. Two of these 3
atients had major aortopulmonary collateral arteries. We
elieve that the principal risk factor for pulmonary hyper-
ension is the preoperative presence of unobstructed major
ortopulmonary collateral arteries, rather than pulmonary
tresia per se.
The ePTFE valved conduits and patches with bulging
inuses showed excellent early-to-midterm results. We can
ake a transannular ePTFE patch with 1 sinus and a mo-
ocuspid fan-shaped ePTFE valve that can be used together
n cases of tetralogy of Fallot or other congenital cardiac
isorders with mild or moderate pulmonary stenosis. A
atch with 2 sinuses and a bicuspid valve is useful for
ugmentation of the narrow pulmonary annulus or recon-
truction of the right ventricular outflow tract during the
Figure 5. Most recent echocardio-
gram and cardiocatheterization. Pul-
monary regurgitation. Pressure gradi-
ents between the right ventricle and
the pulmonary artery. BW, Body
weight.oss procedure.3 In addition, a patch with 3 sinuses and a
and Cardiovascular Surgery ● Volume 134, Number 2 331
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Dricuspid valve can be rolled into a cylinder and used to
rovide an extracardiac conduit between the right ventricle
nd the pulmonary artery.
Such wide application of a patch or a graft with bulging
inuses and the fan-shaped ePTFE valve is welcomed.
onclusions
lthough more laboratory and clinical studies are needed to
ssess the combined effectiveness of the ePTFE graft and
atch with sinuses and the fan-shaped ePTFE valve over the
ong term, our valved conduit or patch seems to be a useful
lternative to homografts for RVOTR.
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